Abstract Functional magnetic resonance imaging was used to explore the neural correlates of semantic judgments to Chinese characters. Adult participants were asked to indicate if character pairs were related in meaning that were arranged in a continuous variable according to association strength. This parametric manipulation allowed for a more precise determination of the role of the left inferior parietal lobule in processing meaning, which has not been reported in previous Chinese studies. Consistent with previous Wndings in English, participants showed activation in left inferior frontal gyrus (BA 47, 45) and left posterior middle temporal gyrus (BA 21). Characters with stronger semantic association elicited greater activation in left inferior parietal lobule (BA 39), suggesting stronger integration of highly related semantic features. By contrast, characters with weaker semantic association elicited greater activation in both an anterior ventral region (BA 47) and a mid-ventral region of left inferior frontal gyrus (BA 45), suggesting a controlled retrieval process and a selection process. Our Wndings of association strength are discussed in a proposed neuro-anatomical model of semantic processing.
Introduction
Previous studies on visual word comprehension in English have shed light on the functional architecture of word recognition systems for printed words. These studies have identiWed brain regions for processing written language in both left inferior frontal gyrus (BAs 47, 45) and left posterior middle temporal gyrus (BA 21) (Booth et al. 2002; Chee et al. 1999; Howard et al. 1992; Shaywitz et al. 2001; Simos et al. 1999 ). These two regions are thought to be associated generally with comprehension of meaning in language processing in English.
The role of inferior frontal gyrus in semantic processing has been explored in English by comparing activation to semantic judgments involving closely related pairs (e.g., king-queen) versus distantly related pairs (e.g., netship). Distantly related pairs with weaker semantic association produced greater activation in left inferior frontal gyrus as compared to closely related pairs. Greater activation in left inferior frontal gyrus has been suggested to result from the diYculty of retrieving and/or selecting appropriate semantic features, as distantly related pairs share few semantic features (Fletcher et al. 2000) . In support of this, many studies show greater inferior frontal gyrus activation in more diYcult semantic tasks and in tasks with increased retrieval or selection demands. These studies include high versus low requirement for selection among alternatives (Thompson-Schill et al. 1997 , weak versus strong association strength (Wagner et al. 2001; Chou et al. 2006a, b) , naming low versus high familiarity objects (Whatmough et al. 2002) , generating novel versus repeated base nouns (Seger et al. 2000) , naming low versus high agreement pictures (Kan and Thompson-Schill 2004) , deep versus shallow processing of words (Fujii et al. 2002) and producing words for pre-speciWed semantic categories versus over-learned letter sequences (Gurd et al. 2002) .
A review article recently proposed diVerent cognitive functions for sub-regions of the inferior frontal gyrus (Badre and Wagner 2007) . The anterior ventral region of left inferior frontal gyrus (BA 47) may support controlled access to stored semantic representations, whereas the midventral region of left inferior frontal gyrus (BA 45) may support a domain-general selection process among active representations. Previous studies using association strength have found greater activation related to weaker association in both the anterior ventral region and the mid-ventral region of left inferior frontal gyrus (BAs 47 and 45) (Badre et al. 2005; Chou et al. 2006a, b) . For weaker association pairs, participants need controlled access to stored conceptual representations to seek for existing semantic associations in verbal semantic memory. Moreover, participants require a selection process that operates post-retrieval to resolve competition among active representations during semantic association judgment.
Distantly related pairs with weaker association in English have also been shown to produce greater activation in left posterior middle temporal gyrus (Chou et al. 2006a; Wible et al. 2006) . Activation in this region has been implicated in the representation of verbal semantic information (Blumenfeld et al. 2006; Booth et al. 2002) . Greater activation in this region for weaker association pairs may result from a more extensive access to semantic representations in order to identify distant relationships ). In contrast, closely related pairs with stronger association in English produced greater activation in left inferior parietal lobule (Chou et al. 2006a, b; Raposo et al. 2006) . Some studies have interpreted left inferior parietal lobule activation as related to feature integration and semantic categorization to form a coherent concept so that semantic relationships between words can be determined (Grossman et al. 2003; Smith 1995) . Neuro-anatomical connectivity patterns also suggest that semantic-lexical integrative processes involve heteromodal association cortices in inferior parietal lobule (Mesulam 1998) . Stronger association pairs may involve greater integration because there are more overlapping features between the words or because the shared features are more characteristic of each of the words (Chou, et al. 2006a, b) . Greater integration for stronger association word pairs may account for the increase in left inferior parietal lobule activation with stronger association strength.
Despite diVerences between Chinese and English in the nature of mapping between orthography and semantics, neuroimaging studies have revealed substantial similarities across the two languages using a variety of semantic tasks in Chinese visual character/word comprehension. These studies include judging whether two characters are semantically related (Dong et al. 2005; Tan et al. 2001) , semantic judgment of association strength , semantic categorization (Ding et al. 2003; , silent word generation (Tan et al. 2000) , and high-conXict versus lowconXict semantic judgment (Zhang et al. 2004 ) and matching characters in meaning to corresponding English words (Chee et al. 2000) . These studies have reported common activated regions in left inferior frontal gyrus (BA 47, 45) and left posterior temporal areas (BA 21, 37) in Chinese. The importance of left inferior frontal gyrus in visual character/word comprehension is also supported by a study that taught English translations of Chinese characters to English speakers (Deng et al. 2008) . None of the aforementioned neuroimaging studies of Chinese, however, found activation in left inferior parietal lobule. The lack of left inferior parietal lobule activation may be because these studies did not control for or systematically manipulate association strength of the Chinese characters. As noted previously, studies in English have shown that stronger association strength is correlated with greater activation in left inferior parietal lobule.
Our experiments were designed to evaluate whether association strength would modulate brain activation during semantic judgments on Chinese characters. We used association strength to explore semantic processing in Chinese, because no previous studies have systematically manipulated the degree of semantic association between pairs of Chinese characters. This parametric manipulation allows for a more precise determination of the brain regions critical for meaning based processing. We expected that stronger association would be correlated with greater activation in left inferior parietal lobule because the meanings of these character pairs can be more eVectively integrated. In contrast, we expected that weaker association pairs would be correlated with greater activation in both the anterior ventral region and the mid-ventral region of left inferior frontal gyrus due to increased demands on controlled retrieval processes and on selection of lexical representations.
Experiment 1

Materials and methods
Participants
Thirty-one native speakers of Chinese (mean age = 20.9, 14 females) in Taiwan participated in the functional magnetic resonance imaging (fMRI) study. They were given an informal interview to insure that they met the following inclusionary criteria: (1) right-handedness, (2) normal hearing and normal or corrected-to-normal vision, (3) free of neurological disease or psychiatric disorders, (4) not taking medication aVecting the central nervous system, (5) no history of attention, reading, or oral-language deWcits, and (6) no learning disability. After the administration of the informal interview, informed consent was obtained. The informed consent procedures were approved by the Institutional Review Board at the National Taiwan University Hospital.
Functional activation tasks
In the meaning judgment task, two visual Chinese characters were presented sequentially and the participant had to determine whether the character pair was related in meaning. Trials lasted 4,500 ms and consisted of a solid square (500 ms), followed by the Wrst character (800 ms), a 200 ms blank interval, and the second character (3,000 ms). The participant was instructed to make a response during the presentation of the second character. Forty-eight character pairs were semantically related according to their free association values (mean = 0.14, SD = 0.13, ranging from 0.73 to 0.01) (Hue et al. 2005) . Character pairs were arranged in a continuous variable according to association values. These character pairs included both closely related pairs with stronger association values and distantly related pairs with weaker association values. Because the distribution of these association values was skewed, we performed a logarithmic transformation on these values to get a symmetrical distribution (mean = 1.04, SD = 0.36, ranging from 1.86 to 0.30). Twenty-four character pairs were semantically unrelated with zero association values. The participants were instructed to quickly and accurately press with their right hand the yes button to the related pairs and the no button to the unrelated pairs.
The perceptual control condition had 24 pairs of noncharacters. Non-characters were created by replacing radicals of real characters with other radicals that did not form real Chinese characters. For the perceptual controls, trials consisted of a solid square (500 ms), followed by the Wrst non-character (800 ms), a 200 ms blank interval, and the second non-character (3,000 ms). Participants determined whether the pair of stimuli were identical or not by pressing a yes or no button. Non-characters were larger (50 font size) than real characters (40 font size). There were also 24 baseline events in which the participant was instructed to press a button when a solid square (1,300 ms) at the center of the visual Weld turned to a hollow square (3,000 ms) after a blank interval (200 ms). In order to control for visualorthographic information between the Wrst and the second characters, we compared the related or unrelated conditions to the perceptual control condition for the fMRI analyses.
Stimulus characteristics
Several lexical variables were controlled across the related and unrelated conditions (Table 1) . First, all characters were monosyllabic. Second, the Wrst and second character did not share radicals. Third, the Wrst and second character together did not form a word (Wu and Liu 1987; Sinica Corpus 1998) . Fourth, characters were matched for visual complexity (in terms of strokes per character) across conditions. Fifth, characters were matched for frequency across conditions (Wu and Liu 1987) . Sixth, the number of nouns (48-50%), verbs (23%), and adjectives (21-27%), based on their most frequent usage in Academia Sinica balanced corpus (Sinica Corpus 1998), was matched across conditions. The correlation of character frequency or the measure semantic relation (Lee et al. in press) with association strength was not signiWcant indicating that association eVects should not be due to frequency or semantic relation diVerences.
MRI data acquisition
Participants lay in the scanner with their head position secured. An optical response box was placed in the participants' right hand. The head coil was positioned over the participants' head. Participants viewed visual stimuli projected onto a screen via a mirror attached to the inside of the head coil. This study adopted an event-related design. Each participant performed two functional runs. Each of the two runs took 4.7 min. Each functional run had 135 image volumes.
All images were acquired using a 1.5 T Siemens scanner. Gradient-echo localizer images were acquired to determine the placement of the functional slices. For the functional imaging studies, a susceptibility weighted single-shot EPI (echo planar imaging) method with BOLD (blood oxygenation level-dependent) was used. Functional images were interleaved from bottom to top in a whole brain EPI acquisition. The following scan parameters were used: TE = 35 ms, Xip angle = 90 o , matrix size = 64 £ 64, Weld of view = 24 cm, slice thickness = 5 mm, number of slices = 24; TR = 2,000 ms. In addition, a high resolution, T1 weighted 3D image was acquired (TR = 2,140 ms, TE = 4.8 ms, Xip angle = 20 o , matrix size = 256 £ 256, Weld of view = 24 cm, slice thickness = 1 mm, gap = 0.5 mm, number of slices = 128). The orientation of the 3D image was identical to the functional slices. The task was administered in a pseudorandom order for all subjects, in which the order of related, unrelated, perceptual, and baseline trials was optimized for event-related design (Burock et al. 1998) .
Image analysis
Data analysis was performed using SPM2 (Statistical Parametric Mapping) (http://www.fil.ion.ucl.ac.uk/spm). The functional images were corrected for diVerences in slice-acquisition time to the middle volume and were realigned to the Wrst volume in the scanning session using aYne transformations. No participant had more than 3 mm of movement in any plane. Co-registered images were (Wu and Liu 1987) , strength log transformed association strength for the related pairs (Hue et al. 2005) , association strength was treated as a continuous variable in the statistical analyses, relation semantic relation (Lee et al. in press) normalized to the Montreal Neurological Institute (MNI) average template (12 linear aYne parameters for brain size and position, eight non-linear iterations and 2 £ 2 £ 2 nonlinear basis functions). Statistical analyses were calculated on the smoothed data (10 mm isotropic Gaussian kernel), with a high pass Wlter (128 s cutoV period).
Data from each participant was entered into a general linear model using an event-related analysis procedure in SPM2 (Penny and Holmes 2003) . Character pairs were treated as individual events for analysis and modeled using a canonical HRF (hemodynamic response function). There were four event types: related, unrelated, perceptual, and baseline. For the related pairs, association strength was an item-level parametric modulator in order to diVerentiate semantic relatedness as a continuous variable according to log transformed free association strength (Hue et al. 2005 ).
The resulting model coeYcients for individual subjects were entered into subsequent second-order random-eVects analyses. Random-eVects analysis using one-sample t tests across all participants was used to determine whether activation during a contrast was signiWcant (i.e., parameter estimates were reliably greater than 0) in a whole brain analysis. First, we compared the related to perceptual control, unrelated to perceptual control, and related to unrelated conditions. The threshold was set to p < 0.01 FDR (false discovery rate) corrected at the voxel level with a cluster size greater than or equal to 10 voxels in order to get distinct clusters. Second, we examined the eVects of the association strength for the related pairs. Positive eVects indicated greater activation for related pairs with stronger association strength, whereas negative eVects indicated greater activation for related pairs with weaker association strength. All reported areas of activation were signiWcant using p < 0.05 FDR (false discovery rate) corrected at the voxel level with a cluster size greater than or equal to 10 voxels. Third, we also examined the eVects of behavioral performance for related pairs, including reaction time in the scanner as a within-subject covariate in a whole brain analysis. Positive eVects indicated greater activation for related pairs with slower reaction times, whereas negative eVects indicated greater activation for related pairs with faster reaction times. All reported areas of activation were signiWcant using p < 0.05 for FDR (false discovery rate) corrected at the voxel level with a cluster size greater than or equal to 10 voxels.
Results
Behavioral performance
The subject-based accuracy (mean § SD) for the related and unrelated conditions was 94 § 6% and 96 § 4%, respectively, with no signiWcant diVerence, a paired t(30) = 1.55, p = 0.13. The subject-based reaction times (mean § SD) for the related and unrelated conditions were 967 § 199 ms and 1,102 § 188 ms, respectively, with the related condition being signiWcantly faster than the unrelated condition, a paired t(30) = 5.37, p < 0.05. Because character pairs were arranged in a continuous variable according to association strength, we calculated correlation analyses between association strength for related pairs and behavioral performance. The item-based correlation between accuracy and association strength was not signiWcant, r(48) = 0.28, p > 0.05; and the item-based correlation between reaction times and association strength was negative and signiWcant, r(48) = ¡0.51, p < 0.01. The subject-based accuracy and reaction times (mean § SD) for the perceptual control were 96 § 4% and 838 § 195 ms, respectively. The subject-based accuracy and reaction times (mean § SD) for the baseline were 99 § 1% and 654 § 220 ms, respectively.
Brain activation patterns
The presentation of the results focuses on brain regions that have been implicated in previous studies of semantic processing, namely left inferior frontal gyrus, left middle temporal gyrus and left inferior parietal lobule. Because no signiWcant diVerences were found between the analysis of correct responses alone and the analysis that includes all responses, only results from the analysis with all responses are presented to equate the statistical power between conditions with diVerent accuracies ). All activation diVerences are reported in the Tables. Table 2 shows greater activation for the related or unrelated conditions compared to the perceptual control condition. Both related and unrelated conditions produced greater activation in left inferior frontal gyrus (BA 47, 45) and left posterior middle temporal gyrus (BA 21) as compared to the perceptual control condition. The direct comparison of related and unrelated conditions produced greater activation in left inferior frontal gyrus (BA 47), left inferior parietal lobule (BA 39), and left posterior middle temporal gyrus (BA 21).
The eVect of semantic association strength is shown in Table 3 . Stronger association produced greater activation in left inferior parietal lobule (IPL, BA 39) (see Fig. 1a ). Weaker association produced greater activation in the ventral regions of left inferior frontal gyrus (IFG, BA 45, 47) (see Fig. 1b ). We further examined the eVect of the continuous variable of reaction time for the related pairs as an item-based (within-subject) covariate. Slower reaction times produced greater activation in medial frontal gyrus (BA 9, MNI coordinates [¡3, 39, 36], Z = 4.73, voxels = 62,) and right inferior frontal gyrus (BA 47, MNI coordinates [36, 30, ¡12] , Z = 4.19, voxels = 46). No signiWcant eVect was found for faster reaction times. Thus, reaction time diVerences should not be responsible for the observed eVects of semantic association strength in IPL and IFG.
Experiment 2
Materials and methods
In Experiment 2 we tested diVerent participants in a diVerent scanner to determine if we could replicate the semantic association eVects. Experiment 2 also used a 3 T rather than the 1.5 T MRI as used in Experiment 1.
Participants
Thirty-two native speakers of Chinese (mean age = 20.8, 18 females) in Taiwan participated in the fMRI study. They were given an informal interview to insure that they met the same inclusionary criteria as Experiment 1. After the administration of the informal interview, informed consent was obtained. The informed consent procedures were approved by the Institutional Review Board at the National Taiwan University Hospital.
Functional activation tasks
The tasks were the same as Experiment 1.
Stimulus characteristics
The stimuli were the same as Experiment 1.
MRI data acquisition
The experimental procedures were the same as Experiment 1 except for the following information. The following scan 
Image analysis
The data analysis was the same as Experiment 1, except that for the eVects of semantic association we used an inclusive mask of the related versus unrelated (p < 0.005 uncorrected) for stronger association or the related versus perceptual (p < 0.005 uncorrected) for weaker association (Chou et al. 2006b ).
Results
Behavioral performance
The subject-based accuracy (mean § SD) for the related and unrelated conditions was 96 § 4% and 97 § 3%, respectively, with no signiWcant diVerence, a paired t(31) = 1.98, p = 0.06. The subject-based reaction times (mean § SD) for the related and unrelated conditions were 827 § 175 ms and 873 § 173 ms, respectively, with the related condition being signiWcantly faster than the unrelated condition, a paired t(31) = 2.32, p < 0.05. Because character pairs were arranged in a continuous variable according to association strength, we calculated correlation analyses between association strength for related pairs and behavioral performance. The item-based correlation between accuracy and association strength was not signiWcant, r(48) = 0.28, p > 0.05; and the item-based correlation between reaction times and association strength was negative and signiWcant, r(48) = ¡0.44, p < 0.01. The subjectbased accuracy and reaction times (mean § SD) for the perceptual control were 99 § 1% and 628 § 121 ms, respectively. The subject-based accuracy and reaction times (mean § SD) for the baseline were 98 § 3% and 574 § 127 ms, respectively. Table 4 shows greater activation for the related or unrelated conditions compared to the perceptual control condition. Both related and unrelated conditions produced greater activation in left inferior frontal gyrus (BA 47, 45) and left posterior middle temporal gyrus (BA 21) as compared to the perceptual control condition. The direct comparison of related and unrelated conditions produced greater activation in left inferior frontal gyrus (BA 47, 45), left inferior parietal lobule (BA 39, 40) , and left posterior middle temporal gyrus (BA 21). The direct comparison between the related and unrelated conditions is also presented See Table 2 note. Voxels number of voxels in cluster at p < 0.01 FDR (false discovery rate) corrected, only clusters greater than or equal to 10 are presented
Brain activation patterns
The eVects of semantic association strength for the related pairs are shown in Table 5 . Stronger association produced greater activation in left inferior parietal lobule (IPL, BA 39), (see Fig. 2a ). Weaker association produced greater activation in mid left inferior frontal gyrus (IFG, BA 45) (see Fig. 2b ). We further examined the eVect of the continuous variable of reaction time for the related pairs as an item-based (within-subject) covariate. Slower reaction times produced greater activation in medial frontal gyrus (BA 6, MNI coordinates [¡3, 12, 57] , Z = 4.26, voxels = 317). No signiWcant eVect was found for faster reaction times. Thus, reaction time diVerences should not be responsible for the observed eVects of semantic association strength in IPL and IFG.
Discussion
The neural correlates of semantic processing to visually presented Chinese characters were examined with a task requiring association judgments as to whether character pairs were related in meaning. Our Wnding that both the related and unrelated Chinese character pairs activated left posterior middle temporal gyrus (BA 21) is consistent with English Wndings. Some argue that left posterior middle temporal gyrus is involved in the representation of verbal semantic information (Blumenfeld et al. 2006; Booth et al. 2002; Martin 2001) . Several studies also suggest that the best candidate for the storage of lexical representations is left posterior MTG Poeppel 2004, 2007; Martin 2007) .
To the best of our knowledge, this is the Wrst study to examine the eVect of association strength between characters on brain activation when processing Chinese. Parametric manipulations allowed us to more precisely investigate brain regions that are involved in semantic processing. We found that stronger semantic association produced greater activation in left inferior parietal lobule (BA 39). Activation in this region has previously been identiWed in semantic tasks in English, including associative judgments (Binder et al. 1997; Chou et al. 2006a, b) , similarity judgments (Price et al. 1999) , category judgments (Pugh et al. 1996) and concrete versus abstract word judgments (Chee et al. 1999) . Greater activation in left inferior parietal lobule has been interpreted as evidence of semantic integration (Thompson et al. 2007) , as supported by a larger N400 wave over the parietal cortex following errors of semantic integration during ERP (event-related potential) measures (Hagoort et al. 1999) . Stronger association pairs may involve greater integration because there are more overlapping features between the characters or because the shared features are more characteristic of each of the characters (Chou et al. 2006a, b) . Greater integration for stronger association pairs in Chinese may account for the greater left inferior parietal lobule activation with stronger association strength. This is the Wrst study to demonstrate the role of left inferior parietal lobule in semantic processing in Chinese.
We also found that weaker semantic association in Chinese produced greater activation in left inferior frontal gyrus (BA 47, 45) . Previous studies in English suggest that left inferior frontal gyrus is involved in eVortful semantic processing, particularly when there is increased demands on the process of selecting relevant semantic knowledge or when comparing words along semantic features (Blumenfeld et al. 2006; Fletcher et al. 1998; Thompson-Schill et al. 1997 Whatmough et al. 2002) . The inferior frontal gyrus has also been implicated in conditions with increased retrieval demands (Kikyo et al. 2002; KirchhoV et al. 2000; Seger et al. 2000; Wagner et al. 2001 ). Of particular relevance to the current study, semantic judgments in English to weaker association pairs produced greater activation in left inferior frontal gyrus as compared to stronger association pairs (Fletcher et al. 2000) . As with English, greater activation for weaker association pairs in Chinese could result from increased demands on the retrieval or selection of appropriate semantic features. The subparts of left inferior frontal gyrus have been associated with distinct cognitive processes involved in language tasks. In general, the dorsal region of left inferior frontal gyrus is thought to be specialized for processing phonological representations, while the ventral region of left inferior frontal gyrus is proposed to be specialized for manipulating semantic representations (Poldrack et al. 1999) . A further study has shown a neural dissociation of controlled retrieval and selection mechanisms in the ventral prefrontal region (Badre et al. 2005) . The anterior ventral region (BA 47) is thought to be sensitive to increased demands on the top-down retrieval of semantic knowledge. In contrast, the mid ventral region (BA 45) is thought be involved in the selection of relevant semantic knowledge over irrelevant competing information. In the current study, greater activation for weaker semantic association was found in both the anterior ventral region (BA 47) and the mid-ventral region (BA 45). Greater activation in the anterior ventral region (BA 47) may be due to increased demands on the controlled retrieval of semantic knowledge for distantly related pairs in left middle temporal gyrus. When association strength between two Chinese characters is weaker, the anterior ventral region may be involved in a demanding search of posterior representations to seek for existing semantic associations stored in verbal semantic memory. Greater activation in the mid-ventral region (BA 45) may be due to increased demands on a selection process. When association strength between two Chinese characters is weaker, the mid-ventral region may be involved in selecting relevant semantic features over irrelevant semantic features.
A neuro-anatomical model of semantic processing in the left hemisphere has recently been proposed, including posterior middle temporal gyrus, angular gyrus in inferior parietal cortex, anterior (ventral) inferior frontal gyrus, and posterior (mid ventral) inferior frontal gyrus (Lau et al. 2008) . Left posterior middle temporal gyrus is suggested to mediate the long-term storage of and access to information associated with lexical representations. This 'lexical' information serves as input to higher-order semantic processes. Left inferior parietal cortex has been suggested to support the integration of lexical input into the larger units for semantic processing. Left anterior inferior frontal gyrus is proposed to mediate controlled retrieval of lexical representations based on top-down information, and left posterior inferior frontal gyrus is proposed to mediate selection between activated candidate representations. Our Chinese Wndings of greater activation for stronger association in left inferior parietal lobule and greater activation for weaker association in both the anterior ventral region and the midventral region of inferior frontal gyrus are consistent with this proposed neuro-anatomical model (Lau et al. 2008 ).
In conclusion, this study is the Wrst to demonstrate that stronger semantic association between Chinese characters produces greater activation in left inferior parietal lobule, suggesting that closely related pairs allow for more complete semantic integration. We also showed that weaker association between Chinese characters produced greater activation in both the anterior ventral region and mid-ventral region of left inferior frontal gyrus suggesting that distantly related pairs required controlled retrieval processes and selection of appropriate semantic features.
